Abstract-A Variational Monte Carlo Method (VMC) is used for the calculations of radial distribution function of nuclear matter. Urbana 14 v potential is used for the nucleon-nucleon interactions in the calculations. The new expression for radial distribution function of nuclear matter is obtained by fitting of Monte Carlo simulations results to a function.
1.INTRODUCTION
The radial distribution function (RDF) is very important in the theory of N-body systems because it gives the number of the particle between r and r+dr about a central particle at the origin of r and it can also be thought of as the factor that multiplies the bulk density,  , to give a local density ) ( ) ( r g r    about some fixed particle. Another important point is that RDF provides a sufficient information in calculating all the thermodynamic functions of the system.
The most reliable calculations of the radial distribution function are molecular dynamics or Monte Carlo calculations. One advantage of these calculation methods is that the inter-particle potential is known. Therefore, these calculations serve as "experimental" data which is used to test various theories [1] . For hard spheres, the molecular dynamics radial distribution function was first given by Alder and Hecht [2] , and Barker, Watts and Henderson [3] . It has been calculated for the Lennard-Jones potential by Verlet [4] , and for an inverse 12 potential by Hansen and Weis [5] . Moreover, Barker, Fisher and Watts [6] have presented extensive Molecular Dynamic and Monte Carlo calculations with three body forces. They are useful in the perturbation and transport theories [7] . Recently, molecular dynamic simulations have used the radial distribution function for Lennard-Jones fluids [8, 9] , and mixing rules for binary Lennard-Jones chains have been tested by performing Monte Carlo simulations [10] . The radial distribution function can also be determined by X-ray diffraction studies [11] [12] [13] . However, various methods and techniques have been used to obtain the radial distribution function [14] [15] [16] . In this paper, the radial distribution function for nuclear matter is calculated by using the variational Monte Carlo method (VMC) with various isospin asymmetry parameters,  at different densities. Moreover, the new expression for radial distribution function of nuclear matter is also obtained by using Monte Carlo simulations results. This paper is organized as follows: the interaction potential and symmetric, asymmetric nuclear matter is define and is determined in Section 2 and in Section 3, respectively. In section 4, Monte Carlo simulations are described. The results for the application of the Variational Monte Carlo method to the calculation of the radial distribution function of nuclear matter are given in section 5. Then we conclude in section 6.
INTERACTION POTENTIAL
The Hamiltonian operator of a system consisting of N particles can be written as
where V ij is a two body interaction potential. Here, we have used only the first four terms of the Urbana V 14 potential [17] for two nucleon interaction in our calculations. Because the contributions of latter terms of the Urbana V 14 potential are much smaller than those of the first four terms in our nuclear matter calculations, 14 operator components of the Urbana V 14 potential are necessary to have a good fit to the experimental data. Thus, we have used the two-nucleon interaction ) .
where , , , 
representing the long-range interactions ) ( 
respectively. The values of the potential strengths I i and S i and the parameters c, R, a are given in Table I . Another important point is that three and more body interactions are very important in nuclear matter calculations. Therefore, we use the phenomenological approach assuming the density dependent term to be proportional to the short ranged part of the Urbana potential, and assume that the total interaction, including the many body effects, is of the form
where  is the number density of nucleons.  and  in the above equation are free parameters.
SYMMETRIC AND ASYMMETRIC NUCLEAR MATTER
Nuclear matter is an idealized system of interacting nucleons (protons and neutrons). It is not matter in a nucleus, but a hypothetical system consisting of a huge number of protons and neutrons interacting by only nuclear force and no Coulomb force. Volume and particle numbers are infinite, but the ratio of these quantities is finite. Infinite volume implies no surface effects and translational invariance (only differences in position matter, not absolute positions).
A common idealization is a symmetric nuclear matter which consists of equal numbers of protons and neutrons. The energy per particle of the asymmetric nuclear matter can be expanded about symmetric nuclear matter in a Taylor series in terms of the isospin asymmetry parameter  ...,
If the fourth order and higher order terms in  are ignored, then the total energy per particle of asymmetric nuclear matter can be written as:
where
is the energy per nucleon of symmetric nuclear matter,
the isospin asymmetry parameter (where N n and N p are the numbers of neutrons and protons) and ) ( S is called as the symmetry energy. A detailed explanation and information for the properties of the symmetric and asymmetric nuclear matter can be found in our previous publications [18, 19] .
MONTE CARLO SIMULATIONS
We will consider a system of nucleons confined in a cube of side L with periodic boundaries. The size of the cube determined from the density and number of particles was chosen so as to correspond to a closed shell in k-space representing all the symmetries of the ground state. One must use the fully occupied closed shells of plane waves for both neutrons and protons in order to preserve the isotropy of the system. The number of spin-isospin degeneracy of the spatial states is denoted by g (g=2 for proton and neutron matter). Number of spatial states in each shell is given in Table 1 . For our wave function, in order to represent all symmetries of the ground state, the number of spatial states (I) should be chosen from the series of I=1, 7, 19, 27, 33, 57, 81, ..., so that a complete shell in momentum space must be filled. Thus, the number of neutrons or protons must be chosen from the set of 2,14,38,54,66,114,…. Then the total number of nucleons in nuclear matter becomes N=g(I n +I p ). The chosen I n , I p and the total number of nucleons are given in Table 2 . Monte Carlo simulations for nuclear matter with various isospin asymmetry parameters were carried out using the Metropolis algorithm [20] and a cubic box of side L containing N nucleons with periodic boundary conditions. The trial wave function used is a Jastrow type wave function in the form
where  is the many particle wave function for the system of non-interacting particles and R  is a 3N dimensional vector representing the coordinates of particles, while j f is the two particle correlation function. Jastrow suggests that in general, this correlation function can be an operator function [21] . Howeve, in most applications j f is assumed to depend only on the interparticle distance,
One can use plane waves
for the single particle wave functions of the nucleons in bulk matter. Because we consider nucleons restricted to a cubic box of side L,
and n  is an integer vector. In order to conserve the rotational invariance of bulk nuclear matter, the number of neutrons and protons in the box is restricted to completely filled shells only. Under these conditions, the many particle wave function in eq. (9) becomes
are the slater determinants of single particle wave functions for the corresponding spin, isospin state with ). det(
The nuclear forces are short ranged and saturate very quickly, thus the radial distribution function is not expected to have long range correlations. Therefore, for the two particle correlation function f j in eq. (9), a function in the following form is used
where t, 0 r and a are the variational parameters. A pseudo potential ) (r u for practical reasons is defined such that our variational wave function(
the 3N dimensional space with the probability distribution
Is sampled by using a random walk created by the usual Metropolis method. Ceperley et.al. [22] have described the most effective way to handle the ratio of the determinants in this wave function.
The VMC simulation methodology has been reported before in [18, 19, 22] and the details can be found in those references.
RESULTS
In this section, the results obtained from Monte Carlo simulations for nuclear matter with various isospin asymmetry parameters are presented. The radial distribution functions of nuclear matter at densities between 0.02fm -3 and 0.20fm -3 in 0.02 steps for each isospin asymmetry parameter and a new expression for radial distribution function of nuclear matter from these data have been obtained.
The new expression for RDF of nuclear matter is found by fitting the results obtained from VMC simulations to a function: In Fig. 1 , we plot the selected radial distribution functions of nuclear matter with various isospin asymmetry parameters at densities between 0.02fm -3 and 0.20fm -3 , calculated with VMC method. All parameters a, b and c at each density in Eq. (16) used in fitting. are given in Table 4 .
It can be seen from Fig.1 that radial distribution functions rapidly approach zero at shorter distance than 0.3 fm. This effect caused from short range repulsive parts of nucleon-nucleon interactions. However, all of radial distribution functions approach to asymptotic value of 1 fm at shorter than 5 fm value. Radial distribution functions reach to this asymptotic value in short range so long as the density increases. Also, radial distribution functions almost display the same behavior between 0 and 1 fm range. Fluctuation that is between 1.5 and 3 fm range in radial distribution functions takes smooth forms as so to be approached to symmetric nuclear matter (  =0). 
CONCLUSION
The first application of the Variational Monte Carlo methods in quantum mechanical systems was looked at by McMillan [23] investigating bosonic systems. VMC methods were extended to study simple Fermi systems [22, 24] and were developed for finite nucleon systems, and these methods have successfully been applied to few nucleon systems [25, 26] .
In order to obtain properties of many body systems such as nuclear matter, a non-ideal gas etc. the many body problem can be reduced a two-body problem, a three body-problem, etc. Such a decomposition is not applicable to a N-body system since each particle in a N body system is in constant interaction with large number of its neighbours. Therefore, one have to use the methods that are more suitable for dense systems like nuclear matter. One of these methods is Variational Monte Carlo method.
In this study, as an application of the Variational Monte Carlo method, we have calculated radial distribution functions of nuclear matter. In the calculations, we have used the Urbana V 14 potential for the nucleon-nucleon interaction and included the three-body interactions. We have also presented a simple expression for nuclear matter RDF. This expression involves 3 adjustable parameters. One important point is that the new RDF expression presented in this study may use to obtain the thermodynamics properties of nuclear matter in future studies.
